Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that causes serious infections in immunocompromised hosts including severely burned patients. After multiplying within the burn wound, P. aeruginosa translocate into the bloodstream causing bacterial sepsis frequently leading to organ dysfunction and septic shock. Although the pathogenesis of P. aeruginosa infection of thermally-injured wounds has been extensively analyzed, little is known regarding the ability of P. aeruginosa to adapt and survive within the blood of severely burned patients during systemic infection. To identify such adaptations, transcriptome analyses (RNA-seq) were conducted on P. aeruginosa strain PA14 that was grown in whole blood from a healthy volunteer or three severely burned patients. Compared with growth in blood from healthy volunteers, growth of PA14 in the blood from severely burned patients significantly altered the expression of 2596 genes, with expression of 1060 genes enhanced, while that of 1536 genes was reduced. Genes whose expression was significantly reduced included genes related to quorum sensing, quorum sensing-controlled virulence factors and transport of heme, phosphate, and phosphonate. Genes whose expression was significantly enhanced were related to the type III secretion system, the pyochelin iron-acquisition system, flagellum synthesis, and pyocyanin production. We confirmed changes in expression of many of these genes using qRT-PCR. Although severe burns altered the levels of different blood components in each patient, the growth of PA14 in their blood produced similar changes in the expression of each gene. These results suggest that, in response to changes in the blood of severely burned patients and as part of its survival strategy, P. aeruginosa enhances the expression of certain virulence genes and reduces the expression of others.
Introduction
Severe burn is one of the most serious forms of trauma. Besides the destruction of the skin barriers by the thermal injury, severely burned patients are immunocompromised due to the repression of both local and systemic immune responses [1, 2] . As a result, severe burns are often associated with infectious complications. The avascular connective tissues within the burn wound impair the migration of host immune cells and limit the delivery of systemically administered antimicrobial agents [3] [4] [5] . Local host immune responses are further impaired by the toxic substances released by the necrotic tissues [4] . Immediately following the thermal injury, the wound surface is sterile [4] . However it is quickly colonized by Gram-positive and Gram-negative bacteria that reach the wound from the patient's skin, gastrointestinal tract, or respiratory tracts; healthcare-associated human contacts; or from the external environmental surfaces, water, fomites, and air [4, 6, 7] . Colonizing bacteria multiply, establish an infection, and translocate from the infected burn wound into the bloodstream causing bacteremia and sepsis [8, 9] . In the intensive care unit, the most common complication that occurs in burn patient is bloodstream infection followed by sepsis, septic shock, and multiple organ failure [4, 10] . In modern burn units, more than 50% of deaths are due to septic shock and organ dysfunction [11] [12] [13] . Among the different pathogens that cause sepsis in burn patients is the opportunistic pathogen Pseudomonas aeruginosa that also infects other immunocompromised hosts such as individuals with cystic fibrosis (CF) or with cancer [4, [14] [15] [16] [17] . P. aeruginosa produces numerous cell-associated and extracellular virulence factors including lipopolysaccharides, flagellum, pili, exotoxin A (ETA), elastases, alkaline protease, exoenzyme S, and pyocyanin as well as others [14, 15, 17, 18] .
In response to the environment at specific infection sites and to adapt to that specific environment, P. aeruginosa produces different virulence factors. For example, previous studies showed that over the course of CF airway infection and as an adaptation to the chronic infections, P. aeruginosa isolates undergo specific phenotypic changes that include the lack of swimming motility [19] , increased phage resistance [20] , over-production of alginate [21, 22] , lack of pyoverdin and pyochelin production [23] , and lack of expression of the type III secretion system (T3SS) [24] . Using whole genome analysis, Smith et al. [25] showed that during chronic airway infection of CF patients, P. aeruginosa undergoes numerous genetic changes. Genes that code for virulence factors that are required to initiate acute infection were selected against as the infection became chronic [25] . The most frequently mutated (selected against) genes were those that code for multidrug efflux pumps, lasR, the virulence factor regulator vfr, and the T3SS regulator exsA [25] . The loss of LasR function provided P. aeruginosa with a growth advantage with respect to certain carbon and nitrogen sources [26] . Recently, Dingemans et al. [27] provided evidence indicating that the adaptation of P. aeruginosa to the CF lung included deletion within the genes coding for the pyoverdine receptor fpvA and other tonB-receptors as well as T3SS genes and additional virulence genes. In contrast to the deletion within the quorum sensing (QS) genes (e.g., lasR) during chronic CF lung infection, successful infection of thermally-injured wounds requires functional QS systems. We previously showed that, compared with thermally-injured mice infected with the wild type strain PAO1, the mortality rate among thermally-injured mice infected with QS mutants was significantly reduced [28] . Recently, using the same model, as well as the murine chronic wound model, and comparing each model to MOPS-succinate medium through RNA-seq analysis, Turner et al. [29] showed that the expression of 11 P. aeruginosa PAO1 pyochelin and 17 pyoverdine genes were significantly enhanced in the acute wound, but only four pyochelin and five pyoverdine genes were significantly enhanced in the chronic wound.
The transition of pathogenic bacteria from local infection sites to invasive infection is associated with changes in the environment to which the organism is exposed. To adapt to these changes, pathogenic bacteria likely alter their virulence by varying the production of different virulence factors. Graham et al. [30] previously addressed the transition of group A Streptococcus from the throat or infected skin to blood by analyzing the adaptation of the bacteria to the growth in blood. Growth of group A Streptococcus in human blood resulted in a rapid increase in the transcription of many genes essential for bacterial dissemination including those encoding superantigens and host evasion proteins [30] . While the pathogenesis of P. aeruginosa infection of thermally-injured wounds is extensively analyzed, little is known regarding the adaptive mechanisms of P. aeruginosa as it translocates from the infected wound to the bloodstream of severely burned patients. Severe thermal injuries cause numerous changes in blood components; following burn injury, the production and release of monocytes from the bone marrow are decreased, neutrophil chemotaxis and intracellular killing are impaired, and the alternative pathway of the complement cascade is depressed [4] . Both hypophosphatemia and hypomagnesemia occur in patients with severe thermal injuries [31, 32] . In this study, and as part of our efforts to understand the adaptive mechanisms of P. aeruginosa to the bloodstream environment during bacteremia, we compared the transcriptome of the P. aeruginosa strain PA14 grown in blood from healthy volunteers with that of PA14 grown in blood from severely burned patients.
Results and Discussion
Previous in vitro studies utilized laboratory media that were designed to maximally produce specific P. aeruginosa virulence factors. In this study, we utilized human blood as a growth medium. We grew P. aeruginosa in whole blood from healthy volunteers or severely burned patients and compared the expression of different genes between the two groups. To minimize variations among blood samples from the burned patients and to ensure the inclusion of injury-induced changes in blood in each sample, we used the following stringent criteria for patient selection. (1) Only patients with a burn injury affecting 20% or greater of the total body surface area (TBSA) were selected. (2) Blood samples were obtained within 72 hours of the initial injury. We considered this period as the window for any potential injury-induced changes in blood. (3) To eliminate the influence of antibiotics on P. aeruginosa gene expression, samples were obtained prior administration of systemic antibiotic treatment. For this study, we collected whole blood from three patients whose burn TBSA varied between 25 to 50% ( Table 1) . As a control, we utilized whole blood from healthy volunteers.
Adjusting the Parameters of P. aeruginosa Growth in Whole Blood
We utilized the closed loop flow through (CLFT) system described by Kealey et al. [33] for the examination platelet deposition on arterial stents for culturing P. aeruginosa in whole blood. In our CLFT system, the blood was circulated by a peristaltic pump at a speed that resembles the pumping of blood through vessels in the human body; the blood was circulated in 16-mm platinum-cured silicone tubing (Cole-Parmer Instruments, Vernon Hills, IL) to allow oxygen diffusion, and the tubing was incubated at human body temperature (37°C) by placing it in a water bath (S1 Fig) [34] .
We utilized the P. aeruginosa strain UCBPP-PA14 (PA14) in all of the experiments. This strain, which was originally isolated from an infected burn wound [35] , has been used extensively in both in vivo and in vitro studies [36] [37] [38] [39] and is fully virulent in the murine model of thermal injury, causing bacteremia and death within 24-48 h post infection [35] . Whole blood samples, 8.3 mL/tube, were collected in BD Vacutainer™ tubes containing 1.7 mL 0.35% sodium polyanetholsulfonate (SPS) as an anticoagulant (BD Medical, Franklin Lakes, NJ). The final concentration of SPS is 0.06%. SPS has been added to blood culture media such as supplemented peptone broth and tryptic soy broth at a final concentration of 0.05 to 0.06% for decades [40, 41] . Preliminary analysis revealed that SPS at 0.06%, whether added to the nutrient rich growth medium LB broth or when whole blood was used as the culture medium, did not interfere with the growth of P. aeruginosa. From an initial inoculum of 10 2 colony forming units (CFU)/mL, PA14 grew to 10 8 CFU/mL by 8 h post-inoculation (a 6-log increase). While the growth was less than that in the rich medium LB broth, these results confirmed that we could obtain sufficient growth of PA14 in whole blood for the gene expression experiments. Lysis of red blood cells (RBC) was another factor that complicated our experiments. We detected the least RBC lysis when blood samples were kept at room temperature and used within 2 h of collection [34] . To minimize RBC lysis, all whole blood-related experiments were performed immediately after collection of blood from patients or volunteers. We also investigated the possibilities that the growth of PA14 in whole blood would cause either extensive RBC lysis or a considerable change in the pH of the blood culture. At 8 and10 h post inoculation, the percentage of RBC lysis was 7 and 14%, respectively, but rose to 71% at 12 h [34] . Normal pH of blood ranges from 7.35 to 7.45. Patients with metabolic alkalosis have 45% mortality at pH 7.55 and 80% at 7.65. The pH could also affect the growth of PA14, so we determined the effect of PA14 growth on the pH of the blood culture over time. The pH remained unchanged at 7.4 for 8 h post-inoculation, but by 10 h post inoculation, the pH increased to 7.7, well into significant alkalosis [34] .
Based on these findings, we grew PA14 in 7.5 mL of SPS-anticoagulated whole blood in a 2-ft loop of 16-mm platinum-cured silicone tubing submerged in a 37°C water bath. The blood was circulated at 176 mL/min. An initial inoculum of 10 2 CFU/mL of PA14 was used. The blood cultures were harvested at 8 h post inoculation and the bacteria were collected for RNA extraction.
Growth in Blood from Severely Burned Patients Significantly Alters the Expression of Numerous PA14 Genes
We examined the expression of PA14 genes through RNA-sequencing utilizing the Illumina MiSeq platform (San Diego, CA). Paired end sequencing using the V2 chemistry resulted in 25.8 million 150 bp reads which were quality filtered using the Qseq software (DNA STAR, Madison, WI). Reads assigned per kilobase of target per million mapped reads (RPKM) normalization was done prior to quantification of gene expression by QSeq (DNA STAR). Genes were identified as differentially expressed with ! two-fold change if they had the false discovery rate correction p-value of 0.01. The growth of PA14 in blood from all three patients significantly increased or decreased the expression of 2596 genes compared with their expression when PA14 was grown in blood from healthy volunteers (data for each of the 6 samples have [43] . We used the "Orthologs" annotation feature of the Pseudomonas Genome Database to match PA14 genes (UCBPP-PA14 reference) to PAO1 genes (PAO1 reference) [44, 45] . Upon replacement of the PA14 gene names/numbers with the PAO1 ortholog numbers, we were able to map 2348 of the 2596 PA14 genes with GO terms. We identified 3524 GO terms associated with molecular functions (Fig 1) , 5468 GO terms for biological processes (S2 Fig) , and 601 GO terms with cellular components (S3 Fig) .
Among the 3524 assigned molecular function terms, the majority (2269) were related to enzymatic activity ( Fig 1A) , with 678 terms related to substrate binding (Fig 1B) , 480 terms related to transporter activity (Fig 1C) , and 670 terms related to transcription, translation, and DNA replication functions (Fig 1D) .
Growth in Blood from Severely Burned Patients Represses the Expression of Several PA14 QS and QS-Related Genes
RNA-seq analysis showed that the growth of PA14 in blood from all patients either repressed or had no significant effect on the expression of many QS genes; for example, the expression of lasR, rhlR, and three genes of the pqsA-E operon (pqsA, pqsB, and pqsC) was reduced by twoto four-fold (Table 2 ). In contrast, expression of pqsH which codes for the FAD-dependent mono-oxygenase [46] that is not part of the pqsA-E operon, increased by five-fold (Table 2) . Furthermore, the expression of several Las and Rhl QS-regulated genes was repressed much more prominently than that of the QS genes themselves. The expression of lasA, rhlA, and rhlB was reduced by at least 71-, 11-, and ten-fold, respectively; although plcB, which is regulated through both the las and rhl systems was only downregulated two-to three-fold (Table 2) . Interestingly, the genes within the PQS-controlled phzA1-G1 and phzA2-G2 operons were upregulated two-to six-fold.
To confirm these results, we examined the expression of several of the QS and QS-controlled genes by qRT-PCR using RNA that was extracted from PA14 grown in blood from Patient 3 and the healthy volunteer. As in the RNA-seq analysis, the level of lasR and lasB (Fig  2A) and rhlR and rhlA (Fig 2B) expression was significantly reduced. However, unlike the results of the RNA-seq analysis, qRT-PCR revealed that the expression of both lasI and rhlI was also significantly reduced (four-fold and 14-fold, respectively) (Fig 2A and 2B) . These results suggest that the growth of PA14 in blood from severely burned patients represses the expression of QS and QS-controlled genes.
The expression of the QS genes is complicated and involves several positive and negative regulators. Positive regulators include Vfr, GacA, and VqsR while negative regulators include MvaT, RsmA, QscR, RpoS, RsaL, and RpoN [47] [48] [49] [50] [51] [52] . However, the expression of genes for the negative regulators rsmA, rsaL, and mvaT was reduced significantly in our RNA-seq analysis (Table 2) , which rules out the possibility that the observed regulation of QS occurs through RsmA, RsaL, or MvaT. Conversely, expression of the positive regulatory gene PA14_30580 (vqsR ortholog) was also significantly reduced ( Table 2 ). Whether regulation of the QS and QS-controlled genes occurs through PA14_30580 is yet to be determined.
These results suggest that the QS systems may not be essential for the survival of P. aeruginosa in blood during systemic infection (Table 2 and Fig 2) . Using the murine model of thermal injury, we previously showed that compared with that of their parent strain, the in vivo virulence of P. aeruginosa mutants defective in the lasI, rhlI, or lasI/rhlI was significantly reduced [28] . Although the number of microorganisms within the injured/infected skin was basically the same, the number of microorganisms recovered from the internal organs of mice infected with the QS-mutants was significantly reduced, [28] . Based on these findings, we suggested that the QS system is important in the translocation of P. aeruginosa from the infected wound into the bloodstream [28] . Additional studies in the rat pressure ulcer model showed that the P. aeruginosa Las autoinducer 3OC12-HSL was produced within the P. aeruginosa- Gene Ontology (GO) molecular function terms assigned to the differentially expressed genes. Genes whose expression was differentially regulated when the bacteria were grown in whole blood from the patients compared to the healthy volunteer were analyzed using PANTHER GO-Slim Molecular Function analysis [42, 43] . A total of 4949 GO terms were assigned to the 2348 mapped genes, with 1425 of these being unclassified. The remaining 3524 terms represented enzymatic activity-2269 (A), substrate binding-678 (B), transporter activity-480 (C), and functions related to transcription, translation, and DNA replication-670 (D). Some functions were assigned to more than one category. doi:10.1371/journal.pone.0149229.g001 Secreted factors // Metabolic process; carbohydrate metabolic process; lipid glycosylation; transferase activity (hexosyl groups)
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Phenazine biosynthetic process; vitamin B6 metabolism / Pyridoxamine 5'-phosphate oxidase harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www.pseudomonas.com/; accessed 10Nov2015) [44] . Gene expression within PA14 grown in whole blood from the three severely burned patients (Pt) was compared with expression when PA14 was grown in whole blood from a healthy volunteer. c Genes found in operons: pqsA/pqsB/pqsC; phzG1/phzF1/phzE1/phzD1/phzC1; phzG2/phzF2. infected tissues at 3 and 7 d post infection [53] . In contrast to the above described studies, our current study is focused on the pathogenesis of P. aeruginosa during systemic infection. One possible explanation for the difference between this and the previous studies is that we utilized human blood in a system mimicking bloodstream infection rather than an animal model. Our microarray analysis using the murine model of thermal injury in which we compared gene expression in PA14 that was grown in whole blood obtained from either uninjured or thermally injured mice supported this possibility [34] . The growth of PA14 in blood from thermally injured mice altered the expression of more than 600 genes compared with growth in blood from uninjured mice [34] . However, we detected no change in the expression of the las and rhl genes [34] . This suggests that despite its closeness to P. aeruginosa infection of burned patients, the murine model of thermal injury does not parallel human infection with respect to alterations in the expression of different P. aeruginosa genes in blood. This study is focused on the effect of burn-induced changes in blood on the expression of P. aeruginosa genes. However, it is possible that the growth of PA14 in blood from healthy volunteers would alter expression of many genes, including the QS genes, when compared with growth in the laboratory medium LB broth. We recently examined this possibility using RNAseq experiments. Compared with LB broth, the growth of PA14 in whole blood from healthy volunteers did not change the expression of lasR or rhlR and reduced the expression of the pqsA-E operon by two-to four-fold while the Las-and Rhl-controlled genes lasA and rhlB were reduced three-fold and two-fold, respectively, and plcB expression was unchanged (Table 3) . Therefore, considering the effect of growth in LB broth, whole blood from healthy volunteers, and whole blood from severely burned patients, reduction in the expression of the las and rhl genes may occur in two stages, an initial reduction produced by the growth in blood from the healthy volunteer and an additional reduction caused by the burn-induced changes in blood.
At this time, we do not know the exact changes within blood that alter the expression of different PA14 QS genes. The most likely component to analyze next is serum. We recently showed that serum influences the expression of different P. aeruginosa genes [54] . During the growth of P. aeruginosa in LB broth containing 10% serum from healthy volunteers, the expression of QS genes followed a unique pattern in which the genes were repressed at early stages of growth (4 h post-inoculation, OD 600 1.0-1.2) but enhanced at late stages of growth (16 h post-inoculation, OD 600 3.0-4.0) [54] . Due to the extensive RBC lysis in PA14 blood cultures after 10 h, we did not harvest PA14 cells at late stages of growth. Therefore, we do not know if growing PA14 in blood, whether from healthy volunteers or burn patients, to late stages of growth would alter the expression of the QS genes. It is possible that severe burn Expression of genes within PA14 that was grown in LB broth (LB) was compared with the expression when PA14 was grown in whole blood from a healthy volunteer (HV). c Average of gene expression within PA14 grown in whole blood from the three severely burned patients was compared with expression when PA14 was grown in whole blood from a healthy volunteer calculated from results shown in Table 2 .
doi:10.1371/journal.pone.0149229.t003
targets the same component of normal serum that reduces the expression of QS genes at early stages of growth. As a result and compared with the growth of PA14 in LB containing 10% normal serum, the growth of PA14 in LB broth containing 10% serum from severely burned patients would further reduce the expression QS genes. To examine this possibility, we plan to compare the expression of QS-genes in PA14 grown in LB broth, LB broth contesting 10% serum from healthy volunteers, and 10% serum from severely burned patients at early and late stages of growth. We analyzed the blood of the three burn patients for levels of calcium, phosphorus, albumin, and hemoglobin (Table 4 ). The level of albumin in the blood from all three patients is lower than normal (Table 4) . Thus, while the blood component responsible for the changes in expression of the QS and QS-controlled genes is yet to be determined, albumin is a potential candidate. In this regard, albumin would enhance the expression of different QS genes.
The use of blood as a growth medium prevented us from utilizing the colorimetric and turbidimetric assays to assess the production of QS-controlled factors. Thus, we were unable to conduct the elastin Congo red, staphylolytic, or pyocyanin assays to determine the level of LasB activity, LasA activity, and pyocyanin, respectively. Also, the presence of LasB-cross reactive materials in blood prevented us from analyzing the level of LasB protein produced by PA14 grown in blood using immunoblotting experiments. Blood also interfered with the autoinducer assays that we use to measure the level of 3O-C12HSL, C4-HSL, and PQS produced by P. aeruginosa.
Growth in Whole Blood Affects the Expression of Genes Related to Iron Acquisition
In P. aeruginosa, expression of genes for the two siderophore-mediated ferric iron-acquisition systems, pyochelin and pyoverdine, is repressed in the presence of iron [55] . In human blood, iron is present within the transport molecule transferrin in the ferric form; thus the bloodstream is essentially a reduced-iron environment. As expected, all the genes for pyochelin synthesis and transport were induced in PA14 grown in the blood of severely burned patients, except for pchR, a gene for transcriptional regulation. The pyoverdine siderophore is more efficient in acquiring Fe 3+ than pyochelin [55] . In contrast, the expression of most (14 of 17) of the genes involved in pyoverdine synthesis was not altered significantly, with the exception of pvdJ, pvdN, and pvdQ, whose expression was enhanced by two-to four-fold (Fig 3) . More importantly, expression of pvdS, the positive regulator of the pyoverdine genes, was reduced by approximately four-fold (Fig 3) [55] . Unlike the pyoverdine genes, and similar to pvdS, the PvdS-regulated gene prpL, which encodes a protease unrelated to iron acquisition [56] , was downregulated by two-fold (Fig 3) . While genes for ferrous iron transport (feo operon) were upregulated five-to 16-fold, two operons containing genes encoding ferrous dicitrate sensing proteins were downregulated by as much as 162-fold (Fig 3) . Additionally, expression of the aprA gene encoding the AprA alkaline protease, which proteolytically cleaves transferrin [57] , as well as genes involved in the secretion of AprA, was reduced by five-to 17-fold (Fig 3) .
Thus, it appears that the growth of PA14 in blood from severely burned patients differentially regulates the expression of iron acquisition genes, increasing the expression of some and reducing expression of others (Fig 3) . The reduction in pvdS expression is puzzling. Since pyoverdine is very efficient in transporting iron under iron-starvation conditions, we expected the pvdS and the pyoverdine genes to be significantly induced. We previously showed that serum enhances the expression of numerous iron-regulated genes including pvdS in the P. aeruginosa strain PAO1 [58] . Further analyses revealed that serum albumin enhances the expression of these genes [58] . To explore this phenomenon further, we first confirmed the results of the RNA-seq experiments using qRT-PCR. Compared with blood from healthy volunteers, the growth of PA14 in blood from severely burned patients reduced pvdS expression by approximately 2.5-fold (data not shown). Similar to PAO1, pvdS expression in PA14 is stringently regulated by iron. The gene was expressed when PA14 was grown in the iron-deficient medium TSB-DC and was significantly repressed upon the addition of iron (S4 Fig) . Surprisingly, compared with its growth in TSB-DC, the growth of PA14 in blood from a healthy volunteer caused a significant reduction in pvdS expression (S4 Fig) suggesting the presence of certain factor(s) within blood or serum that represses pvdS expression. Similar to the observed effect on the QS genes, burn-induced changes within blood may exaggerate further the reduction in pvdS expression. To determine if the regulation of pyoverdine genes by pvdS in PA14 is different from that in PAO1, we constructed a pvdS isogenic mutant of PA14 using the previously described gene replacement technique [59] . Compared with its PA14 parent strain, PA14::pvdS mutant was defective in pyoverdine production suggesting that in PA14, the expression of the pyoverdine genes depends on the presence of a functional pvdS (data not shown).
One possible explanation for these findings is that PA14 is capable of producing pyochelin at the expense of pyoverdine. Pyoverdine affinity for iron is high while that of pyochelin is low [60] . Dumas et al. [61] recently suggested the presence of a molecular mechanism through which P. aeruginosa phenotypically switches from producing pyoverdine under extreme iron limitation to producing pyochelin under moderate iron limitation. In the presence of low amounts of supplemented iron, pyoverdine synthesis is strongly repressed through the Furrelated negative feedback system [61] . However, pyochelin continues to be synthesized at relatively high levels over an extended period [61] . Therefore, if a severe burn causes a limited increase in the level of iron in blood, such increase may repress the expression of the pyoverdine genes but increase the expression of pyochelin genes (Fig 3) . Dumas et al. [61] also suggested that the switch is influenced by the environmental pH and the level of available nutrients. Shifting the pH from 7 to 8 or 9 decreased pyoverdine synthesis but increased pyochelin synthesis [61] . Additionally, since P. aeruginosa requires 3.6 more amino acids and nucleotides to transcribe and translate the pyoverdine genes than it needs to transcribe and translate the pyochelin genes, it would be more economical for P. aeruginosa to produce pyochelin than pyoverdine [61] . Utilizing P. aeruginosa strains PAO1 and PA14, we are currently conducting a detailed comparative analysis between P. aeruginosa cultures in blood from healthy volunteers and those in blood from severely burned patients with respect to the level of iron, the pH, and the amount of nucleotides and amino acids.
Growth in Whole Blood Affects the Expression of T3SS Genes
Among the 37 genes comprising the five major T3SS operons and scattered genes that code for the needle complex, translocation apparatus, chaperones, effector proteins, and regulators in PAO1 [62] , the expression of 30 of these genes, which are found in four operons in PA14 plus scattered genes, was significantly enhanced (Fig 4) (http://pga.mgh.harvard.edu and Color scale map of the T3SS genes that are either upregulated. Expression of genes in PA14 grown in whole blood from the three severely burned patients was compared with expression of these genes when PA14 was grown in whole blood from the a healthy volunteer. Upregulated genes are indicated in shades of blue. Genes within operons, whether all genes of the operon are differentially expressed or not, are indicated in shades of yellow on the left. Single genes are not shaded. Operon groupings and functions for PA14 genes were obtained from the MGH-ParaBioSys:NHLBI Program for Genomic Applications, Massachusetts General Hospital and Harvard Medical School, Boston, MA (http://pga.mgh.harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www. pseudomonas.com/; accessed 10Nov2015) [44] . http://www.pseudomonas.com/; accessed 10Nov2015) [44, 45] . We also validated these findings using qRT-PCR. Compared with blood from a healthy volunteer, the growth of PA14 in blood from Patient 2 significantly enhanced the expression of the main regulatory gene, exsA, and the genes encoding two of the three T3SS translocation apparatus, pcrV, and popB (Fig 5) .
The expression of T3SS genes in P. aeruginosa is stringently regulated by the level of Ca 2+ in the growth medium [63] . At a concentration of 2 mM (8 mg/dL), calcium represses the expression of T3SS genes [64] . The physiological range of Ca 2+ in human blood is 8.8-10.5 mg/dL (Table 4) , which is sufficient to repress the expression of T3SS genes in vitro. Thermal injury often reduces the level of calcium in blood, which could induce the expression of the T3SS genes. Analysis of the calcium levels in the blood of the three patients confirmed this reduction in calcium. However, only in Patient 2 was the blood calcium level sufficiently low at 7.5 mg/ dL (Table 4) (Table 4) , respectively, should have been sufficient to repress the expression of T3SS genes. Yet expression of the T3SS genes was enhanced at similar levels in all three patients (Fig 4) . Thus, the observed effect is likely to be due to calcium-independent, injury-induced alterations in blood.
Other potential blood/serum signals that may affect the T3SS are the low-affinity, highcapacity Ca-binding proteins, such as albumin [65] . Initial studies showed that these proteins enhance the secretion of the T3SS effectors [65] . Kim et al. [65] previously showed that the secretion of T3SS effector molecules requires certain serum factors. In the absence of these factors, basal levels of T3SS effector molecules accumulate intracellularly [65] . Either the same or additional serum factors may enhance the expression of T3SS genes. Our recent RNA-seq analyses support this possibility and suggest that albumin enhances the expression of different T3SS genes. Compared with LB broth, the growth of PA14 in LB broth containing 5% albumin, which is comparable to the level of albumin in the blood of healthy individuals, increased the expression of several T3SS genes, such as exoT, exoY, escB, popB, popB, pscB, pscD, and pscN by two-fold (Table 5) .
Similar to its effect on the expression of QS genes, blood may affect the T3SS genes in two stages; stage one produced during the growth of P. aeruginosa in normal blood and stage two produced by the severe burn-induced changes in blood. We recently showed that compared with the growth in LB broth, the growth of P. aeruginosa in blood from healthy volunteers significantly enhanced the expression of genes within the T3SS pscA-L operon from two-to four-fold. This expression is further enhanced by the growth of PA14 in blood from severely burned patients (Figs 4 and 5) . However, while albumin may contribute to the first stage of the effect of blood on T3SS (the growth of PA14 in blood from healthy volunteers), it is less likely to contribute to the effect during second stage (the growth in blood from severely burned patient). The level of albumin in the blood of all three patients was lower than the normal reference range (Table 4) . Therefore, burn-induced changes in blood may enhance the expression of T3SS genes through a mechanism that is both Ca 2+ -and albumin-independent. One possible approach to examine this possibility is to deplete albumin from serum obtained from either healthy volunteers or severely burned patients. The effect of PA14 growth in LB broth supplemented with this depleted serum on the expression of different T3SS genes would then be compared. We previously utilized such approach to examine the influence of serum albumin on the expression of iron-regulated genes in the P. aeruginosa strain PAO1 [58] .
Growth in Whole Blood Affects the Expression of Numerous Transport Genes
The growth of PA14 in blood from severely burned patients influenced the expression of genes that code for several different types of transport systems including heme transport (S1 Table) , metal ion transport systems besides those for iron (S2 Table) , numerous ABC-transporters for Expression of genes within PA14 that was grown in in LB broth with 5% albumin was compared with expression when PA14 was grown in LB broth. c Average of gene expression within PA14 grown in whole blood from the three severely burned patients was compared with expression when PA14 was grown in whole blood from a healthy volunteer calculated from results used to derive other substrates (S3 and S4 Tables), TonB as well as TonB-dependent transporters (S5 Table) , phosphate transport (Table 6) , and phosphonate transport (S6 Table) .
With respect to the heme transport and utilization systems, the expression of at least 19 genes was affected (S1 Table) . The heme acquisition gene hasAP and the heme uptake gene hasR [66, 67] , plus two related transport genes (hasD and PA14_20050) were downregulated in PA14 grown in the blood of all three patients, whereas genes encoding the heme uptake receptor PhuR and the HmuV subunit of the hemin importer were upregulated (S1 Table) .
Besides having an effect on the iron transport systems such as pyochelin, Fe2+ dicitrate sensing, and others (Fig 3) , transport systems for other metal ions were also up-or downregulated in PA14 grown in the blood from all three burn patients (S2 Table) . Some genes for copper transport were upregulated, while others were downregulated (S2 table) . Additionally, the czcCczcB operon that encodes proteins for efflux of cobalt, zinc, and cadmium was downregulated by two-to nine-fold while genes of an operon encoding proteins for manganese and zinc transport were upregulated four-to 11-fold (S2 Table) .
Since many of the proteins involved in transport are part of well-defined ABC-transport systems, we analyzed the RNA-seq data for the level of expression of genes encoding additional ABC-transporters. The growth of PA14 in blood from all patients significantly enhanced the expression of 29 ABC-transport genes from two-to 21-fold (S3 Table) . These ABC transporter systems are predicted to be involved with cell metabolism (lipoprotein release, protein metabolism, and carbohydrate transport), iron transport, and multidrug resistance (S3 Table) . However, the expression of 78 other ABC-transport genes was significantly reduced in all patients (S4 Table) . Another group of proteins that play a major role in transport are dependent on TonB. The gene for the multifunctional TonB protein and 23 genes coding for individual TonB-dependent receptors or operons associated with TonB-dependent receptors were downregulated significantly (S5 Table) . Some genes were downregulated by 200-to 700-fold (S5 Table) .
With the exception of PA14_55770 which codes for a putative phosphate transporter, the expression of genes in the phosphate regulon (Pho) was repressed in PA14 grown in blood from severely burned patients (Table 6 ). The expression of the phosphate transporter permease gene ptsA was reduced by more than 30-fold while that of the phosphate transporter ATPbinding protein ptsB and the membrane component of the transporter ptsC was reduced by 15-to 23-fold (Table 6 ) [68] . Similarly, the expression of the phoB/phoR two-component regulatory system was reduced by at least five-fold (Table 6 ) [68] . This repression was not induced by a change in the level of phosphate ion within the blood of each patient (Table 4) .
PhoR is an inner membrane histidine kinase while PhoB is response regulator DNA binding protein [69] . Phosphate levels higher than 4 μM (about 38 μg/dL) repress the operon [70] . Phosphate levels within the blood of healthy individuals (2400-4100 μg/dL) and severely burned patients (1600-2700 μg/dL) are significantly higher than those required to repress the Pho regulon (Table 4 ). As such, one would expect the different genes of the Pho regulon to be completely repressed under both conditions. However, phoU, the pstBAC operon, and the phoQphoPoprH operon were enhanced from two-to 18-fold when PA14 was grown in the blood of healthy volunteers and their expression is repressed when the bacteria is grown in blood from severely burned patients (Table 6) suggesting that factors within blood other than phosphate enhance the expression of the Pho regulon.
Environmental conditions, other than phosphate, are known to regulate the Pho regulon through the cross regulatory mechanisms [69] . If the Pho regulon is positively regulated by a blood/serum factor, severe burn would then either interfere with the function of this factor or reduce its level, thereby significantly reducing the expression of different genes of the Pho regulon. The phoR/phoB system controls the synthesis of the stress response molecule polyphosphate (poly P) which is involved in different bacterial functions including stress, growth, development, iron-chelation, and capsule synthesis [69, [71] [72] [73] . Rashid et al. [73] previously showed that P. aeruginosa mutants defective in poly P kinase gene (ppk) were deficient in flagellum-related swimming motility and pilin-related twitching motility. Additionally, the mutant produced reduced levels of the QS-controlled virulence factors, LasB and RhlA [74] . One possible scenario to explain the effect of severe burn on the expression of the phoR/phoB genes as well as the QS genes is that in response to changes within the blood of severely burned patients, phoB/phoR represses the expression of the QS-genes through ppk. However, our results do not support this possibility as we detected no significant burn-induced changes in ppk expression. Besides, the growth in blood from severely burned patients increased the expression of numerous flagellum synthesis genes but decreased expression of pilin and fimbrial synthesis genes (S7 Table) . With respect to the phosphonate transport and metabolism systems, the expression of 15 genes in the two phn operons was repressed in PA14 grown in blood from all patients (S6 Table) . The level of this repression varied considerably; for example, while some genes such as phnP, phnW, and phnX were repressed only two-to six-fold, other genes such as phnC, phnD, and phnE were repressed 196-to 996-fold (S6 Table) .
Conclusion
This study represents a unique approach to examine the effect of burn-induced changes on the virulence of P. aeruginosa. By growing P. aeruginosa in whole blood, we bypassed the problems associated with growing the bacteria in vitro in a laboratory medium. Additionally, by growing PA14 in blood from severely burned patients and healthy volunteers, we specifically addressed the effect of burn-induced changes in blood on P. aeruginosa virulence. As we demonstrated in this study, the growth of PA14 in blood from severely burned patients altered the expression of almost 2600 genes (PRNJA287707). Many of these genes are considered virulence or virulencerelated genes including genes for QS and phenazine biosynthesis (Table 2) , type 3 secretion (Fig 4) , motility (S7 Table) , heme transport and utilization (S1 Table) , and alginate synthesis, porins and outer membrane proteins, and multidrug efflux proteins (SRA PRNJA287707). Similarly, genes encoding the iron (Fig 3) , phosphate (Table 6 ) and phosphonate (S6 Table) transport systems that are critical for the survival of P. aeruginosa were differentially regulated.
The current analyses clearly show that the pathogenesis of P. aeruginosa during systemic infection of severely burned patients is an extremely complicated process and involves differential expression of numerous virulence and virulence-associated genes. Specific sets of virulence and virulence-related genes were upregulated while others were downregulated. The next critical question to address is the nature of the severe burn-induced changes in blood that influence the expression of these genes. In this study, we eliminated some obvious causes such as burn-induced variations in certain ions. Although the nature of the factor(s) is yet to be determined, it is possible that the variations in the expression of different genes may occur in response to one specific change or multiple changes in blood composition. We are currently attempting to decipher these changes. It is also critical to determine if these changes in P. aeruginosa are strain specific. In this study, we utilized P. aeruginosa strain PA14 which was originally isolated from an infected wound. We plan to determine the effect on the other commonly used laboratory strain PAO1, which was also isolated from an infected wound. We also plan to determine if the growth of recently obtained P. aeruginosa wound isolates under the same conditions would bring about similar variations in the expression of virulence, virulence-associated, and transport genes.
Materials and Methods
Bacterial Strain, Media, and Growth Conditions PA14, a prototrophic strain of P. aeruginosa originally isolated from a wound infection [35] , was used in all experiments. The strain was routinely grown and maintained at 37°C in Luria Bertani (LB) broth prior to subculture into whole blood or other media. 
Ethics Statement

The Closed Loop Flow through Model (CLFT)
This was based on the model previously described by Kealey et al. [33] to examine platelet deposition on arterial stents. We used three 2-ft loops of 16-mm platinum-cured silicone tubing with an inside diameter of 3.2 mm (Masterflex) to hold 7.5 mL of blood in each loop for each experiment (three independent experiments). Blood within the tubing was circulated by a peristaltic pump (Masterflex L/S) at a flow rate of 176 mL/min. The circulating blood was maintained at 37°C by immersing the tube in 37°C water bath (S1 Fig) .
Whole Blood Cultures
Preparation of the bacterial inoculum. PA14 was grown overnight at 37°C. A 1-mL aliquot of the overnight culture was pelleted, washed twice, and resuspended in 1 mL of fresh LB broth. The 7.5 mL of blood in each loop of tubing was inoculated with the PA14 culture to produce an initial inoculum of 1-4 X 10 2 colony forming units (CFU). We conducted several preliminary experiments using LB broth to adjust the dilution of PA14 that resulted in this initial inoculum. Once inoculated, the PA14 blood culture was maintained in the CLFT system at 37°C and the contents of each loop were harvested at 8 h post inoculation. Removal of lymphocytes and red blood cells from the PA14 blood culture. We differentially centrifuged the lymphocytes using a commercially available protocol. Briefly, the blood culture was diluted 1:1 in phosphate buffered saline and layered onto lymphocyte separation medium (Lonza, Basel, Switzerland) in a ratio of 3:2. The tubes containing the diluted culture and the separation medium were centrifuged at 400 x g for 15 min. The top two layers containing white blood cells were discarded and the bottom layer containing the bacterial pellet and RBC was retained. This layer was transferred to erythrocyte lysis buffer (QIAGEN, Valencia, CA), gently mixed, and incubated on ice for 20 min. The mixture was then centrifuged at 7,700 x g and the supernatant containing lysed RBC was discarded. The process was repeated several times until the bacterial pellet was free from all RBC. The pellet was then resuspended in 3 mL of LB broth and 6 mL of RNA Protect (QIAGEN) and stored at -80°C.
As a control, and to eliminate the possibility that these manipulations may affect gene expression within the PA14 pellet, we grew PA14 in LB broth using the CLFT system as described above for blood cultures and subjected part of the pellet to the same above described manipulations to remove blood cells. We then compared the level of expression of several genes within the two parts of the pellet.
RNA Isolation
Bacterial pellets were first lysed by the addition of lysozyme and proteinase K for 15 min at room temperature. RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer's recommendations and the RNA solution was digested with the RNase-free DNase Set (QIAGEN). The DNase was completely removed from the RNA using the RNA cleanup protocol (QIAGEN) with the exception that on-column DNase digestion was applied to eliminate any remaining traces of genomic DNA. The quality of the RNA was further checked in PCR reactions using genomic DNA as a template (positive control) and purified RNA as a template (negative control). The RNA was then aliquoted for use in construction of the RNA-seq libraries and qRT-PCR. The purified RNA was quantified by NanoDropH spectrophotometer (Nanodrop Technologies, Wilmington, DE) and the integrity of the RNA was assessed using RNA Nano Chip on an Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA).
Construction of the RNA-Seq Libraries
RNA samples with 1.8-2.2 ratio of absorbance 260/280 nm were kept for further analysis. The integrity of RNA was further measured on a TapeStation 2200 (Agilent), following the manufacturer's instructions. Only samples with RNA Integration Number (RIN e ) greater than 8.0 were used for cDNA library preparation. rRNA was removed from total RNA with Ribo-Zero rRNA removal kit for bacteria (Epicentre Biotechnologies, Madison, WI). Enriched mRNA samples were run on the TapeStation 2200 to confirm reduction of 16S and 23S rRNA. Six (three burn patients and three healthy volunteers) RNA-seq libraries were constructed from 1000 ng of rRNA-depleted RNA using the TruSeq RNA library preparation kit following the manufacturer's protocol (Illumina, San Diego, CA). RNA was fragmented and primed for cDNA synthesis at 94°C in an attempt to obtain a median insert size of 180 bp fragment. The fragmented RNA templates were primed with random hexamers and first strand was synthesized by four cycles of: 25°C for 10 min, 42°C for 50 min, and 70°C for 15 min. Following second strand synthesis (16°C for 1 h), end repair was performed to generate blunt ends followed by adenlyation of the 3 0 blunt ended ds cDNAs to allow for subsequent ligation of multiple indexing adaptors and hybridization onto the flow cell. cDNA fragments were amplified and enriched using 15 cycles of PCR. The libraries were quantified using a Qubit 1 2.0 fluorometer (Life Technologies, Carlsbad, CA), and the quality was analyzed with the TapeStation 2200 using the DIK tape for validating the purity and estimating the insert size.
Sequencing Using Illumina MiSeq Platform
Validated and indexed cDNA libraries were denatured with NaOH and normalized to 10 nM concentrations. Each of the 10 nM cDNA libraries were diluted to 4 nM with hybridization buffer and multiplexed. A final concentration of 5.4 pM was loaded onto the MiSeq reagent cartridge (MiSeq Reagent Kit v2 300cycles, Illumina). The multiplexed cDNA library was sequenced using a MiSeq Sequencer (Illumina) using V2 chemistry. Paired end sequencing was performed to obtain 150 bp reads using a 300 cycle reagent cartridge.
Analysis of Differential Gene Expression among the PA14 Transcriptomes
Using UCBPP-PA14 as a reference genome [44, 45] , the differentially expressed genes in the individual samples were identified and analyzed using the QSeq module of Lasergene genomic suite 11.2 (DNA STAR). Reads assigned per kilobase of target per million mapped reads (RPKM) normalization was used before quantification of gene expression by QSeq. Student's two-tailed unpaired t-test with Benjamini Hochberg FDR correction was used to compare the means of gene expression values for three individual replicates for a given gene. The genes were identified as differentially expressed with ! two-fold changes if they had the false discovery rate method for multiple testing correction p-value of 0.01 [75] . Data for each of the six samples were deposited in the BioProject at NCBI under PRJNA287707. Individual accession numbers for the three burn patients are SRS973482, SRS974920, and SRS974918; accession numbers for the three healthy volunteers are SRS973461, SRS973478, and SRS973513 (http://www.ncbi.nlm.nih.gov/bioproject/ or http://www.ncbi.nlm.nih.gov/biosample? LinkName=bioproject_biosample_all&from_uid=287707 for individual data sets [accessed 03Dec2015]).
Reverse Transcription Quantitative PCR (qRT-PCR)
The integrity of RNA purified as described above was assessed using RNA Nano Chip on an Agilent 2100 Bioanalyzer (Agilent). cDNA was synthesized from the extracted RNA using the QuantiTect Reverse Transcription Kit (QIAGEN). Briefly, a 200-ng aliquot of cDNA was mixed with SYBR Green PCR Master Mix (Life Technologies) and 250 nM of specific primer. Amplification and detection of the product was carried out using the StepOne Plus real-time PCR system (Life Technologies). Three independent biological replicates for RNA extraction were used for each experiment. In addition, each PCR reaction was set up in triplicate. The quantity of cDNA in different samples was normalized using 30S ribosomal RNA (rpsL) as an internal standard. Gene expression analysis was performed using StepOne Plus software version 2.2.2 (Life Technologies). Positive control samples containing genomic DNA as a template and negative control samples containing RNA as a template were included in each experiment.
Supporting Information S1 Fig. Diagram of the closed loop flow through system used to grow P. aeruginosa strain PA14 in whole blood. The peristaltic pump was set at a flow rate of 176 mL/min, the water bath maintained at 37°C, and 2-ft sections of 16-mm platinum-cured silicone tubing (one loop is shown, but up to 4 loops can be used at one time) were used to hold the blood. The non-reducing connecter minimizes trauma to the red blood cells. (TIF) S2 Fig. Gene Ontology (GO) of the differentially expressed PA14 genes within the biological processes category. Genes whose expression was differentially regulated when the bacteria were grown in whole blood from the patients compared to the healthy volunteer were analyzed using PANTHER GO-Slim Biological Proccess analysis [42, 43] . A total of 6875 GO terms were assigned to the 2348 mapped genes, with 1407 of these being unclassified. The remaining 5468 terms represented metabolic and catabolic processes-3336 (A), transport and localization-808 (B), biological regulation, biosynthetic processes, responses to stimuli, and cellular component organization or biogenesis-694 (C), and cellular processes-630 (D). (TIF) S3 Fig. Gene Ontology (GO) terms assigned of the differentially expressed PA14 genes within the cellular components category. Genes whose expression was differentially regulated when the bacteria were grown in whole blood from the patients compared to the healthy volunteer were analyzed using PANTHER GO-Slim Cellular Component analysis [42, 43] . A total of 2740 GO terms were assigned to the 2348 mapped genes, with 2139 of these being unclassified. The remaining 601 terms reflect all parts of the cell. (TIF) S1 Table. Differentially expressed heme transport and utilization genes. Gene expression within PA14 grown in whole blood from the three severely burned patients was compared with expression when PA14 was grown in whole blood from a healthy volunteer. Product names, functional classification(s), gene ontology terms, pathways, and functional predictions for PA14 genes were obtained from the MGH-ParaBioSys:NHLBI Program for Genomic Applications, Massachusetts General Hospital and Harvard Medical School, Boston, MA (http://pga. mgh.harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www.pseudomonas.com/; accessed 10Nov2015) [44] . (DOCX) S2 Table. Metal transport genes whose expression is differentially regulated. Expression of genes within PA14 that was grown in whole blood from the three severely burned patients was compared with the expression when PA14 was grown in whole blood from a healthy volunteer. Product names, functional classification(s), gene ontology terms, pathways, and functional predictions for PA14 genes were obtained from the MGH-ParaBioSys:NHLBI Program for Genomic Applications, Massachusetts General Hospital and Harvard Medical School, Boston, MA (http://pga.mgh.harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www.pseudomonas.com/; accessed 10Nov2015) [44] .
S3 Table. ABC-transporter genes whose expression is enhanced. Gene expression within PA14 grown in whole blood from the three severely burned patients was compared with expression when PA14 was grown in whole blood from a healthy volunteer. Table. ABC-transport genes whose expression is significantly reduced. Expression of genes within PA14 that was grown in whole blood from the three severely burned patients was compared with the expression when PA14 was grown in whole blood from a healthy volunteer. Table. Phosphonate transport genes whose expression is differentially regulated. Expression of genes within PA14 that was grown in whole blood from the three severely burned patients was compared with the expression when PA14 was grown in whole blood from a healthy volunteer. Product names, functional classification(s), gene ontology terms, pathways, and functional predictions for PA14 genes were obtained from the MGH-ParaBioSys:NHLBI Program for Genomic Applications, Massachusetts General Hospital and Harvard Medical School, Boston, MA (http://pga.mgh.harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www.pseudomonas.com/; accessed 10Nov2015) [44] . (DOCX) S7 Table. Motility related genes that are differentially regulated. Expression of genes within PA14 that was grown in whole blood from the three severely burned patients was compared with the expression when PA14 was grown in whole blood from a healthy volunteer. Product names, functional classification(s), gene ontology terms, pathways, and functional predictions for PA14 genes were obtained from the MGH-ParaBioSys:NHLBI Program for Genomic Applications, Massachusetts General Hospital and Harvard Medical School, Boston, MA (http://pga.mgh.harvard.edu; accessed 10Nov2015) [45] made available by the Pseudomonas Genome Database (http://www.pseudomonas.com/; accessed 10Nov2015) [44] .
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